Bluetongue virus (BTV) RNA was detected by the polymerase chain reaction (PCR) in the blood of 24 naturally infected cattle as long as 160 days after the estimated date of infection. Blood samples from these animals and from 10 experimentally BTV-infected sheep, which also exhibited a prolonged hematologic BTV RNA presence, were concurrently evaluated for viral infectivity. Infectivity analyses were conducted using the sentinel sheep inoculation and embryonated chicken egg inoculation procedures. Blood specimens from the experimental sheep 50, 56, 71, and 89 days after BTV inoculation were uniformly negative for viral infectivity despite their uniformly positive status with PCR evaluation. Three collections of blood from the naturally infected cattle at least 100, 135, and 160 days after infection also revealed no recoverable viral infectivity but an initially high and progressively decreasing prevalence of BTV with the PCR technique. These retrospective epidemiologic and prospective experimental approaches were concordant in that both studies demonstrated consistent discrepancies between the viral infectivity and the PCR diagnostic data. The significance of these discrepancies is discussed with respect to Koch's postulates and with respect to the possibility that the biological vector of BTV (Culicoides variipennis) may recover BTV infectivity from PCR-positive but virus isolationnegative blood.
Bluetongue (BT) is an arthropod-borne ruminant videvelop rapid nucleic acid-based diagnostic alternaral disease and is transmitted within the United States tives. 2, 4, 9, 15, 28, 29 R ecently, an ultrasensitive polymerase principally by the hematophagous midge Culicoides chain reaction (PCR) technique was developed for the variipennis. [22] [23] [24] [25] However , bluetongue virus (BTV) in-detection of BTV RNA in blood. 9 Using this procefections are often inapparent, particularly in cattle. 24 The economic significance of BTV is nonetheless considerable because of regulatory barriers prohibiting international commerce in BTV-seropositive and -infected livestock as well as products derived from them, including germplasm. 19, 24 The rationale for these restrictions is based upon demonstrations that infectious virus may be recovered from the blood of animals for 30-60 days after virus exposure despite the concurrent presence of an emerging neutralizing virus antibody response. 6, 12, 16, 19, 20 The most sensitive BTV virus isolation procedures require either serial embryonated chicken egg (ECE) inoculation followed by cell culture inoculation and immunofluorescence microscopy or sentinel sheep (SS) inoculation followed by subsequent tests for BTV seroconversion. 19 Both methods are time consuming and expensive, and numerous attempts have been made to dure, viral RNA was detected in the blood of experimental sheep for up to 4 months following BTV inoculation. 9 In the study reported here, bluetongue viral RNA was also found in the blood of naturally infected cattle for at least 5 months after infection. However, classical ECE and SS inoculation procedures failed to recover BTV infectivity from the blood of both the sheep and the cattle during the extended periods during which circulating BTV nucleic acids were detected.
Materials and methods
BTV laboratory test procedures. Internationally accepted BTV isolation and BTV serologic diagnostic procedures were used to monitor the viremic and serologic status of all animals employed in this study. 19 The ECE procedure involved intravenous inoculation of 0.1 ml of saline-washed blood cells into each of 10 (10-13-day-old) ECE, followed by subpassage of embryo material into a second set of ECE, followed by baby hamster kidney-21 cell culture inoculation with the second passage material, and subsequent indirect immuno- member). 19 Two SS were used for each inoculation test, and Received for publication July 23, 993. these animals were evaluated for BTV seroconversion 21, Figure 1 . Temporal pattern of BTV C-ELISA and PCR responses in 28 yearling calves reared in eastern Washington. Calves were born in early 1992, and adult Culicoides were estimated to have been killed by several severe frosts not later than November 10, 1992. Positive PCR responses were found only in seropositive cattle, and BTV nucleic acid could be found in a decreasing number of cattle for as long as 5 months following the last presumptive exposure to insect-vectored BTV. The 2 calves still BTV PCR positive on the May 1, 1993, test were evaluated again 4 weeks later, at which time BTV nucleic acids could no longer be detected in their blood. 28 , and 35 days following inoculation. Virus isolation attempts (ECE) were also made on blood from the SS 14 days after inoculum injection. Bluetongue virus-specific competitive enzyme-linked immunosorbent assay (C-ELISA) procedures were used for BTV serologic evaluations. a,l A nested BTV serogroup-specific PCR was used to detect BTV nucleic acids in blood samples as previously described. b-d,9 The BTV gene encoding the essential NS1 viral protein was the amplification target, and the identity of amplified nucleic acids was confirmed by gel electrophoretic analysis and/or with a dual probe enzyme-linked oligonucleotide sorbent assay (ELOSA) hybridization procedure as previously reported. 9 Retrospective epidemiologic cattle study. Bluetongue virus serologic, virologic, and PCR tests were performed on blood from 28 yearling calves born on a cattle ranch in central Washington. All calves were born after January 1, 1992, so that their only postnatal BTV exposure would have occurred during the summer and fall of 1992. Virus isolations (BTV-11, BTV-17) from cattle and sheep confirmed ongoing viral activity in the vicinity of the ranch during that period. The last positive 1992-1993 fall/winter BTV isolation from Washington, Oregon, and Idaho was made on December 3, 1992. Local National Weather Service recordings as well as on-site observations indicated that the 1992-1993 winter was unusually harsh and that several killing frosts occurred on the ranch prior to November 10, 1992. Approximately 100 days later (February 25, 1993) PCR, C-ELISA, ECE, and SS inoculation procedures were performed using saline-washed blood cells and serum from all 28 cattle. All procedures except the SS inoculation test were conducted on individual animal specimens; blood pools were used for SS inoculation. The entire group of cattle was reevaluated by PCR, C-ELISA, and SS inoculation approximately 135 days (April 2, 1993) and 160 days (May 1, 1993) following the November 10, 1992, frost date.
Prospective experimental sheep study. As previously reported, 10 BTV PCR-negative and BTV-seronegative sheep (principals) were each inoculated with 10 6.0 CCID 50 of BTV. 9 Each of the 5 BTV serotypes found in the United States (BTV-2, -10, -11, -13, and -17) was inoculated into 2 sheep. Forty-three days later, viremia was no longer detected by ECE inoculation in any of these sheep, although all of them remained BTV PCR positive until at least 89 days following exposure. Accordingly, pooled, washed blood cells (50 ml total) were inoculated into each of 2 SS, using blood drawn from the principals 50, 56, 71, and 89 days following exposure. Each of these 4 pairs of SS was then evaluated for BTV viremia and seroconversion as described above.
Results
Retrospective epidemiologic cattle study. The temporal pattern of BTV C-ELISA and PCR responses ( Fig. 1) indicated an expected longevity of the antibody response in seropositive calves 1,12,19,20 and an initially high but declining number of animals positive by PCR. All PCR-positive animals were seropositive on each sampling occasion, but there were progressively more seropositive, PCR-negative cattle as the study continued. A final June 1993 evaluation of blood from the only 2 calves found PCR positive in May revealed that they had, like their cohorts, remained seropositive but finally had become PCR negative. None of the SS demonstrated BTV seroconversion or viremia, indicating that the pooled, washed blood cell fractions from the 28 calves did not contain iatrogenically transmissible infectious BTV.
Prospective experimental sheep study. All SS remained BTV seronegative following inoculation with pooled blood cells collected from PCR-positive, ECEnegative experimentally infected sheep. The ECE inoculation attempts to isolate BTV from the blood of these 8 SS were also uniformly negative.
Discussion
This study is the first to demonstrate that BTV nucleic acid will be found in the blood of naturally as well as experimentally infected animals for weeks to months after classical virus isolation methods have ceased to recover infective virus. The physical state of the circulating BTV nucleic acid is unknown; it is not clear whether this nucleic acid is encapsidated in a structurally intact, potentially infectious form or whether it is in a degraded and inactivated state. If encapsidated, a low number or alteration of putative intact BTV particles may render them undetectable using the conventional ECE and SS inoculation methods of demonstrating the presence of infectious BTV. The significance of positive molecular diagnostic findings in the absence of recoverable virus is not easily integrated into the classical model of etiologic proof as enunciated by Robert Koch over 100 years ago. This paradox may be particularly important in the case of arthropod-borne diseases such as BT because vector virus transmission may be qualitatively and/or quantitatively different from iatrogenic virus transmission 7,17,23,25 BTV appears to be relatively concentrated .
within the salivary glands of infected Culicoides variipennis; 7 this hematophagous insect may in some manner biologically process or amplify viral infectivity to transmissible levels despite negative ECE and SS inoculation results. Vector-related studies are needed to address this possibility.
Adult Culicoides variipennis do not survive the harsh winter season found in the northern climates of the United States, and attempts to demonstrate transovarial transmission of BTV from adult insects to their progeny have been unsuccessful. 17 Nevertheless, BTV persists in these regions, and the mechanism of this over-wintering phenomenon has never been convincingly elucidated. In this study, BTV nucleic acid was found in the blood of cattle approximately 160 days after a conservative estimate of the insect-killing frost date and hence the latest date expected for seasonal adult Culicoides-vectored transmission of BTV infection. If this PCR-positive, ECE-negative blood from overwintering livestock were capable of infecting Culicoides during the following vector season, one putative mechanism of viral overwintering would be established.
Viremic BTV has long been known to be associated primarily with the cellular components of blood, particularly the erythocytic fraction. 3,5,12, 16, 19 Erythrocytes are long lived, and estimates of their normal circulatory lifespan range from 130 to 160 days in sheep and slightly longer in cattle. 8, 27 Recent biochemical and immunoelectronmicroscopic studies have directly confirmed the physical association of BTV with erythrocytes in vitro and in vivo, 3,5,16 thus providing a possible mechanism for the circulation of BTV nucleic acids for the lengths of time observed in our experimental and epidemiologic studies. There has historically been some uncertainty and controversy surrounding the possibility that BTV infections may be not only prolonged but truly persistent, possibly as a consequence of in utero infection. 10,1l More recent studies of this question have failed to produce viable animals with transplacentally acquired persistent BTV infections. 13, 14, 18, 21, 26 Our experimental and epidemiologic data are consistent with the concept that BTV infections may be prolonged but are of finite duration and not truly persistent. Even if the extended duration of hematologic BTV PCR positivity provides an explanation for the phenomenon of viral overwintering, the data indicate that this molecular viremia is not permanent and will disappear within about 5-6 months following infection. The retrospective epidemiologic study did not specifically address in utero infections, and the prenatal BTV virologic and serologic status of the 28 yearling calves was unknown. Even if 1 or more of these animals were infected in utero, the data suggest that using either the classical BTV isolation or the molecular diagnostic PCR pro-cedures, BTV nucleic acid and its potential for infectivity will become nondetectable from the blood of exposed animals within several months following experimental or natural BTV infection.
